An accurate knowledge of the dark matter distribution in the Milky Way is of crucial importance for galaxy formation studies and current searches for particle dark matter. In this paper we set new dynamical constraints on the Galactic dark matter profile by comparing the observed rotation curve, updated with a comprehensive compilation of kinematic tracers, with that inferred from a wide range of observation-based morphologies of the bulge, disc and gas. The generalised NavarroFrenk-White (NFW) and Einasto dark matter profiles are fitted to the data in order to determine the favoured ranges of local density, slope and scale radius. For a representative baryonic model, we find a local dark matter density ρ0 = 0.420
I. INTRODUCTION
The observation of flat rotation curves in spiral galaxies was historically one of the cornerstones upon which the case for dark matter was built (e.g. [1] [2] [3] [4] [5] ; for more recent studies, see e.g. [6] [7] [8] [9] ). In our Galaxy, a spiral itself, measuring the rotation curve remains however a daunting task due to our position inside the stellar disc. As a consequence, the knowledge of the Galactic distribution of dark matter is affected by sizeable uncertainties, especially in the inner regions, where baryons dominate the gravitational potential. This unfortunate circumstance hinders the study of the formation history of the Milky Way and the interpretation of particle dark matter searches (see e.g. [10] [11] [12] [13] ).
Several techniques have however been designed to provide gravitational constraints on the dark matter distribution in the Galaxy, and in particular in the solar neighbourhood. They fall into two classes: local methods [14] [15] [16] [17] [18] [19] [20] (see also [21, 22] ), based on a Jeans-Poisson analysis of the kinematics of local stars, and global methods [23] [24] [25] [26] [27] [28] [29] [30] [31] , which involve the mass modelling of the Galaxy as a whole and use global dynamical constraints. Each class of methods brings complementary information on the dark matter distribution and both suffer from systematics. For example, the precise measurements sometimes provided by global methods come at the expense of enforcing a preassigned shape to the dark matter profile in the inner Galaxy, where the effect of baryons is potentially large. This in turn leads to sizeable systematics in the determination of the dark matter profile due to the uncertainties on the distribution of baryons.
In Ref. [28] , we have applied a global method to show that interesting constraints on the dark matter distribution in our Galaxy can be achieved by comparing the rotation curve inferred from baryonic models with actual rotation curve measurements. In light of our recent work [32] , here we set out to revisit the previous analysis in Ref. [28] and improve it with three key ingredients: i) a new and more complete compilation of rotation curve data, including 2780 measurements from gas kinematics, star kinematics and masers (Sec. II);
ii) a wide range of baryonic models, including virtually all data-based morphologies for the bulge, disc and gas (Sec. II); and iii) a full statistical procedure based on a twodimensional χ 2 applied to unbinned data (Sec. III).
The results, which supersede those of our previous work [28] , are presented in Sec. IV in the form of constraints on the dark matter profile. Our conclusions are given in Sec. V.
II. OBSERVATIONS
Our analysis of the dark matter distribution in the inner Galaxy relies upon two observational inputs: the rotation curve and the spatial distribution of stars and gas. Let us begin with the former. Rotation curve measurements in the Milky Way have been available for several decades now, but the corresponding literature is rather scattered. In Ref. [32] we have assembled a new, comprehensive compilation of kinematic tracers across the Galaxy that comprises:
• gas kinematics, including HI terminal velocities [33] [34] [35] , HI thickness [36] , CO terminal velocities [37] [38] [39] [40] , HII regions [33, [41] [42] [43] [44] and giant molecular clouds [44] ;
• star kinematics, including open clusters [45] , planetary nebulae [46] , classical cepheids [47, 48] and carbon stars [49, 50] ; and
• masers [51] [52] [53] [54] [55] .
This literature survey is particularly exhaustive in the range of Galoctocentric radii R = 3 − 20 kpc. It intentionally leaves out tracers with relevant random motions, asymmetric drift or kinematic distances only in an effort to track Galactic rotation as reliably as possible. From the references listed above we additionally exclude individual objects close to the Galactic centre or anti centre, with incomplete data or in some way signalled as suspicious. The final compilation consists of 2780 objects across the range R = 0.5 − 25 kpc, of which 2174, 506 and 100 are contributed by gas kinematics, star kinematics and masers, respectively. Each object is characterised by its Galactic coordinates ( , b),
1/2 (with R 0 the distance of the Sun to the Galactic centre) and line-of-sight velocity in the local standard of rest (LSR) v los lsr . Uncertainties on d and v los lsr are carefully extracted or estimated from the original references, whereas those on and b are neglected since they are by far sub-dominant in all instances. The angular velocity ω c (R) and corresponding uncertainties are then found by inverting (and propagating) the wellknown expression
where v 0 ≡ v c (R 0 ) is the local circular velocity. Note that we use ω c instead of v c ≡ Rω c to avoid the correlation between the errors of R and v c . In the end, given R 0 , v 0 and a local standard of rest, each object provides an independent constraint on R and ω c (R). Throughout the work, unless otherwise specified, we use R 0 = 8 kpc, v 0 = 230 km/s and the peculiar solar motion determined in Ref. [56] . The release of a user-friendly tool to retrieve all kinematic data used here is planned for the near future [57] . As for baryons, despite the improvements in the amount and quality of observations, their distribution in the Milky Way is still not known to high accuracy. In order to address the uncertainty on the density profile of stars and gas, we have carried out in Ref. [32] an extensive literature survey (cf. Tab. I) to bracket the allowed three-dimensional morphologies of each baryonic component, namely stellar bulge, stellar disc(s) and gas. Each component is now discussed in turn. Stellar bulge. The bulge dominates the inner 2 − 3 kpc of our Galaxy and presents a triaxial shape with a bar extending at positive Galactic longitudes. This general picture is consistently painted by different observations, but the morphological details are rather uncertain. We implement seven alternative data-based configurations for the bulge: exponential E2 [58] , gaussian G2 [58] , gaussian plus nucleus [59] , truncated power laws [60, 62] , power law plus long bar [61] and double ellipsoid [63] . All models are normalised to the observed microlensing optical depth towards ( , b) = (1.50
• , −2.68
+0.47
−0.38 × 10 −6 [28, 70] . Stellar disc(s). The structure of the Galactic disc has been thoroughly studied using different photometric surveys. The disc is usually modelled as a flattened component with a fastly decaying profile and is often subdivided into thin and thick populations. As with the bulge, there is no consensus over the global morphological details. We take therefore five alternative morphologies: pure thin plus thick discs [64, 65] , thin plus thick discs with a stellar halo component [66, 67] and a single maximal disc [21] . All models are normalised to the recent measurement of the local total stellar surface density, Σ * = 38 ± 4 M /pc 2 [21] .
Gas. The gas component takes the form of molecular, atomic and ionised hydrogen (as well as a small fraction of heavier elements), and its distribution is fairly well-known. We model the gas in the inner 10 pc (effectively, a point-like distribution for our purposes) according to Ref. [71] and in the inner 2 kpc according to Ref. [72] . Above 2 kpc we implement two alternative morphologies based on Refs. [68, 69] . The uncertainties associated to each gas model stem mainly from the poorly constrained CO-to-H 2 conversion factor: (2.5 − 10) × 10 19 cm −2 (K km/s) −1 for R < 2 kpc and [68, 73] . Tab. I summarises all models specified above. For each bulge, disc and gas model, it is now possible to compute the corresponding contribution to the rotation curve. With seven bulges, five discs and two gas configurations, there are in total 70 different baryonic distributions, which we use to bracket the overall baryonic contribution ω as a function of Galactocentric radius R. From top to bottom, the bars show the mean contribution due to rotation curve data, bulge, disc, gas and baryonic bracketing. The larger radial bins at R 15 kpc are chosen due to the fewer ωc measurements in that region. As in Fig. 1 , we take R0 = 8 kpc, v0 = 230 km/s and the peculiar solar motion of Ref. [56] .
by bulge 1, disc 5 and gas 1 (i.e. E2 bulge [58] , single maximal disc [21] and gas from Ref. [68] , cf. Tab. I). The upper and lower panels show, respectively, the angular circular velocity ω c , which will be used throughout our analysis, and the actual circular velocity v c , which is the familiar quantity commonly displayed in rotation curve studies. Let us notice once again that the errors of R and v c are strongly (positively) correlated, while those of R and ω c are uncorrelated. It is apparent from Fig. 1 that baryons fall short of supporting the rotation curve in the Milky Way; a detailed analysis treating carefully statistical and systematic uncertainties shows the discrepancy is significant already inside the solar circle [32] .
There are five sources of uncertainty that affect the comparison between ω c and and ω b : the measurement of ω c itself, the normalisations of bulge, disc and gas and the baryonic model bracketing. It is instructive to quantify the relative importance of each uncertainty on, for instance, the residual ω . This is shown in Fig. 2 . We find that for R R 0 baryonic bracketing and, to a lesser extent, the bulge normalisation are the main sources of uncertainty, whereas for R R 0 the contribution of rotation curve measurements dominates over all other components. The uncertainties on disc and gas normalisations are small across the full radial range. In order to improve the dynamical constraints on the mass distribution in the Milky Way (including the ones shown later on in this work), it is therefore crucial to improve our knowledge of the spatial distribution of baryons at R R 0 and to increase the precision of rotation curve data at R R 0 . Fortunately, Gaia [74] , APOGEE-2 (SDSS-IV) [75] , WFIRST [76] , WEAVE [77] and 4MOST [78] should be able to help out on both fronts over the coming years.
III. METHODOLOGY
Having introduced the observed rotation curve ω c and the baryonic contribution ω b in Sec. II, we now proceed to interpret their discrepancy in terms of dark matter. The goal here is to determine the best-fit parameters for a dark matter distribution by fitting the resulting total expected curve (baryons and dark matter) to the observational data. (For a different procedure to extract the dark matter profile directly from the data, see Ref. [79] ). We make the common assumption of a spherical dark matter distribution, for which the additional contribution to the rotation curve simply traces the total dark mass enclosed within a given radius R, namely
This then leads to a total angular velocity ω t = w 2 b + ω 2 dm , to be compared to the observed ω c . For the (spherical) dark matter density in Eq. (2), we use either the generalised Navarro-Frenk-White (NFW) profile [80] [81] [82] [83] ,
, where γ is the inner slope and r s is the scale radius, or the Einasto profile [83, 84] 
, where α is a shape parameter. In both cases, we normalise the profiles to the local dark matter density ρ 0 ≡ ρ dm (R 0 ).
The remaining task is to fit ω t to ω c and derive constraints on the dark matter parameters ρ 0 , γ (or α) and r s . A subtlety here concerns the large errors on R present in the compilation of kinematic data (cf. Fig. 1 ), which preclude the use of a standard chi-square fitting. Instead of binning the data in R (and thus necessarily losing information), we follow Ref. [33] to define a chisquare that accounts for uncertainties on both the vertical and horizontal axes. Defining the dimensionless variables (x, y) = (R/R 0 , ω c /ω 0 − 1) with ω 0 = v 0 /R 0 , we have
where (x i ± σ x,i , y i ± σ y,i ) are the rotation curve measurements discussed in Sec. II, σ b,i is the uncertainty of the individual baryonic model evaluated at x i and (x t,i , y t,i ) are the points that minimise d i along the curve y t (x) = ω t (R = xR 0 )/ω 0 − 1. The sum runs over all the N objects in the compilation at R > R cut = 2.5 kpc (N = 2687 with 2081, 506 and 100 from gas, stars and masers, respectively) in order to exclude the innermost regions of the Galaxy where axisymmetry breaks down and some tracers may present non-circular orbits. We note in passing that Eq. (3) can be applied since x and y (i.e. R and ω c ) have uncorrelated errors. All results shown in the remainder of the work are based on the chi-square statistics defined above. 
IV. RESULTS
We now turn to deriving constraints on the Galactic dark matter profile. For each of the 70 baryonic models described in Sec. II, a scan was performed over the dark matter profile parameter space and the χ 2 computed as in Eq. (3). We first focus our attention on the parameter space (ρ 0 , γ) for NFW and (ρ 0 , α) for Einasto while keeping the scale radius r s constant, and then explore quantitatively the effect of the scale radius, Galactic parameters, data selection and systematics. is the χ 2 corresponding to an equivalent 5σ significance (i.e. p-value 2.87 × 10 −7 ). The top panels display the 2σ confidence regions for all baryonic models and also the 5σ goodness-of-fit region for the representative baryonic model [21, 58, 68] . The bottom panels show instead the profiled range of local dark matter density encompassed by the 2σ confidence region and the 5σ goodness-of-fit region of all baryonic models. In Tab. II we report the best fits for all baryonic models along with the profiled ranges of local dark matter density.
The constraints in Fig. 3 are significantly more sensitive to the local dark matter density than to the slope of the profile. This simply reflects the impact of these two quantities on the dark matter content of the Galaxy and thus on its contribution to the rotation curve. Overall, the remarkably precise 2σ confidence regions arise from the choice of an unbinned analysis and the large number of kinematic tracers adopted. However, Fig. 3 clearly shows how confidence regions corresponding to different baryonic models shift sizeably across the parameter space, a feature which reflects the importance of the baryonic contribution to the rotation curve of the inner Galaxy. In other words, the precision currently allowed by kinematic measurements is hindered by large systematics associated with the distribution of baryons. This highlights the reason for adopting a comprehensive collection of baryonic models in our analysis: whereas a single, fiducial model may well represent a useful benchmark, it cannot be used for accurate dynamical constraints unless one has an a priori expectation about the actual baryon morphology of the Galaxy. The spread of the dark matter constraints over the whole range of baryonic models is a measure of the systematic uncertainty due to baryonic modelling, which cannot be dealt with by averaging nor by marginalising over the entire range of allowed morphologies. We therefore present the constraints for all baryonic models instead of focussing on a single model with unknown systematics. Another interesting message conveyed by Fig. 3 is that dynamical constraints start to be able to resolve between different baryonic models. Let us focus on the left panels corresponding to the NFW profile (very similar considerations can be drawn for the Einasto profile). From the bottom left plot it is clear that there are five blocks of baryonic models clustered around slightly different local dark matter densities. These five blocks correspond precisely to the five discs implemented in our analysis (cf. Tab. I). The inferred ρ 0 ranges from around 0.50 GeV/cm 3 for models including disc 1 down to around 0.42 GeV/cm 3 for models with disc 5, and in between for the other discs 2-4. These figures are comparable to but somewhat higher than values typically found when applying global methods [25, 26] . The inner slope is less well determined, but the confidence regions in the top left panel of Fig. 3 are mainly centred around three values of the inner slope (γ ∼ 0.6, 1.2, 1.4) with a few outliers. This configuration correlates with the bulge used in each baryonic model. When using any of the discs 1-4, the baryonic models with the bulges 1-4 or 6 point to γ ∼ 1.2, the ones with bulge 5 cluster around γ ∼ 0.6 and the ones with bulge 7 tend towards γ ∼ 1.4. The case of models with disc 5 is slightly different: the bulges 1-4 or 6 point now to γ ∼ 0.6, while bulge 5 prefers shallow profiles γ ∼ 0 (in this case cored profiles are possibly favoured over NFW or Einasto) and bulge 7 points to γ ∼ 1. From all this discussion, we learn that the local dark matter density is particularly sensitive to the morphology of the stellar disc, whereas the inner slope of the dark matter profile is mostly dependent on the bulge configuration. The gas plays a relatively minor role. It is worth noticing that there are eight baryonic models for which the 5σ goodness-of-fit region is vanishing (cf. bottom panels in Fig. 3 and Tab. II). This is valid for both the generalised NFW and the Einasto profiles. These eight baryonic models coupled to all the dark matter profile configurations tested fall short of supporting the observed rotation curve and are excluded at 5σ level or more. The common characteristic of the eight models is the use of bulge 7 coupled to any of the two gas configurations and any of the discs except disc 5. If one were to have independent evidence for the dark matter profiles tested in Fig. 3 , then bulge 7 (i.e. the double ellipsoid bulge [63] ) would be too light and disfavoured by current dynamical data unless it is associated with disc 5 (i.e. the single maximal disc [21] ).
For the representative baryonic model [21, 58, 68] (highlighted in black in the panels of Fig. 3) , the 2σ ranges for the local dark matter density read NFW: ρ 0 = 0.420
Einasto: ρ 0 = 0.420
where the second error is the standard deviation of the best-fit values over all baryonic models, which we use here as a measure of the current systematic uncertainty due to baryonic modelling. The interested reader can find in Tab. II the inferred ranges for all baryonic models. For the sake of completeness, let us also point out that all values reported assume a spherical dark matter profile; an oblate profile as suggested by numerous numerical simulations would lead to a higher local dark matter density by tens of percent [85, 86] . We now comment on the impact of breaking the assumptions behind our main results shown in Fig. 3 . The effect of letting free the scale radius is illustrated in Fig. 4 for a pure NFW profile with inner slope γ = 1 and the representative baryonic model [21, 58, 68] . For comparison, numerical simulations of Milky Way-like halos find scale radii in the range r s 12 − 37 kpc [87] [88] [89] . As the kinematic data used in the current paper are restricted to the inner Galaxy (namely, R 20 kpc), the 5σ exclusion region is rather loose unless r s 20 kpc. Better constraints on the scale radius require tracers in the outer Galaxy, as pursued e.g. in Ref. [30] . Notwithstanding, Fig. 4 clearly shows that the local dark matter density is well constrained with uncertainties comparable to the ones obtained in Fig. 3 (left) where we fixed r s = 20 kpc but varied γ.
Finally, Fig. 5 depicts the impact of Galactic parameters, data selection and systematics in our dynamical constraints. For this figure we only plot the 2σ confidence region for the generalised NFW profile and the representative baryonic model [21, 58, 68] . The left panel shows the effect of changing the Galactic fundamental parameters R 0 and v 0 in the ranges R 0 = 8.0 ± 0.5 kpc [51, [90] [91] [92] and v 0 = 230 ± 20 km/s [51, [93] [94] [95] [96] . Clearly, the current uncertainties on R 0 and especially v 0 seriously hinder the determination of the local dark matter density, while their effect on the determination of the inner slope is somewhat less important. Also shown in the left panel is the impact of the systematic motion due to spiral arms modelled according to Ref. [43] and of an enhanced 20% uncertainty on the local total stellar surface density (see the supplementary information of Ref. [32] for further details). Our constraints are fairly robust in both cases. The right panel of Fig. 5 displays instead how our confidence regions shift selecting separately gas kinematics, star kinematics and masers. Although there is some dependence on data selection, we opt to show our main results including all data available in the compilation of kinematic measurements. For comparison, we also plot the results of a standard binned analysis applied to the full data set, which is less precise overall but more robust against data selection.
V. CONCLUSION
In the cold dark matter paradigm, the innermost regions of the Milky Way are expected to harbour a significant amount of dark matter. Testing such expectation with the help of observations has historically been difficult due to the uncertainties on both the distribution of baryons and the rotation curve. We have tried here to overcome those difficulties by combining a comprehensive compilation of rotation curve measurements with stateof-the-art baryonic models. This allowed us to effectively subtract the contribution of baryons off the observed rotation curve, and to identify the favoured range of the parameters of different dark matter profiles. We believe the data and analysis techniques presented here will be useful for future dynamical studies extending beyond standard assumptions (e.g. non-spherical dark matter profiles). At present, the precision allowed by kinematic measurements is entirely overshadowed by the current uncertainty on the fundamental Galactic parameters and on the morphology of baryons. In that respect, the forthcoming data from the Gaia mission and surveys such as APOGEE-2 (SDSS-IV), WFIRST, WEAVE and 4MOST will play a crucial role in shrinking these uncertainties and will hopefully open a precision era in the measurement of the dark matter distribution in the Galaxy. Einasto (rs = 20 kpc) The best fit and local dark matter density inferred using generalised NFW and Einasto profiles with fixed scale radius rs = 20 kpc for all baryonic models. The baryonic models are specified by the configurations of bulge, disc and gas (cf. Tab. I) in the form [b-d-g], where b,d,g stand for bulge, disc and gas, respectively. Besides the best fit χ 2 for each model, we also report the profiled ranges of local dark matter density covered by the 2σ confidence region (no parentheses) and by the 5σ goodness-of-fit region (between parentheses) shown in the bottom panels of Fig. 3 . The representative baryonic model is indicated with an asterisk. Here we take R0 = 8 kpc, v0 = 230 km/s and the peculiar solar motion of Ref. [56] . For reference, 0.38 GeV/cm 3 = 0.01 M /pc 3 .
